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Introduction
Electron Beam Lithography (EBL) at sub-10 nm resolution is mainly limited by resist contrast and the point-spread function of the exposing beam. In the case of high-resolution silsesquioxane (HSQ) negative-tone resist, much work was devoted to improving the contrast of the development process using hot development, 1,2,3,4 KOH development, 5, 6 or salty development. 7 Some authors have addressed the problem using focused helium-ion beam lithography (FHIBL), which features smaller proximity effects as compared to an electron beam at the same incident kinetic energy. 8, 9, 10 In addition to improved resolution and line edge roughness, the development of new EBL resists has also been triggered by the need of high sensitivities resists 11 and environmental benign development processes. 12 Despite the high resolution demonstrated using these approaches, the problem of pattern transfer is rarely addressed and remains problematic a this scale, mainly due to the relatively low plasma etching resistance of HSQ or polymeric resists for fluorinated plasmas used in silicon dry etching.
Recently, the group of Brusantin developed a hybrid organic-inorganic alumina-based resist for electron-or photonbased nanolithography. 13 The resist is synthesized using a sol-gel method and turns into an almost completely inorganic alumina system when exposed to the electron beam. The modification of the organic component of the exposed areas leads to the possibility of developing the resist as a negative-tone resist dissolving the organic unexposed part in hydrochloric acid (HCl) : isopropyl alcohol (IPA) solution or as a positive-tone resist dissolving the inorganic exposed part in buffered oxide etch (BOE). Used as negative-tone resist for EBL (at 3 keV) the authors of the study demonstrated isolated features down to 11 nm and an exceptional selectivity (100:1) when used as a mask for inductively coupled plasma (ICP) etching of silicon in fluorinated plasmas. 14 In this work -performed within the framework of the EU project NFFA-Europe (Nanoscience Foundries and Fine Analysis), the H2020 framework program for research and innovation, and grant agreement 654360 -we explore the possibility to use such an alumina-based resist for sub-10 nm patterning of silicon. The resist is used as a negative-tone resist and exposed using an EBL system at 100 keV as well as a FHIBL system at 30 keV. Pattern transfer in silicon was performed using a reactive ion etching (RIE) with a relatively low bias in order to improve the selectivity. The results of this work will be used in the Transnational Access program within the NFFA-Europe project to provide access to ultra-high resolution patterning techniques.
Materials and Methods
The resist is synthesized using a sol-gel method starting with aluminum-tri-sec-butoxide (97%, Aldrich) and triethoxyphenylsilane (98%, Aldrich). Note that we replaced the trimethoxyphenylsilane used in the original publications 13, 14 with the less toxic triethoxyphenylsilane. The aluminum-tri-sec-butoxide was left stirring 1 h at 70 °C in a solution of methoxyethanol and acetic acid in the molar ratio of 1:21:4.3. After 1 h the triethoxyphenylsilane was added in a molar ratio of 0.25 and the solution stirred for another hour at 70 °C.
Silicon substrates were spin-coated at 5000 rpm with the sol diluted in methoxyethanol with variable dilution to give adjusted film thicknesses of 35 and 20 nm. The samples were pre-baked for 2 min at 100 °C in order to remove the residual solvent and exposed with an EBL system (VISTEC EBPG5000+) at 100 keV and 250 pA and a FHIBL system (ORION NanoFab from Zeiss) at 30 keV. Before development, the resist was typically post-baked at 120 °C for 2 min, a temperature calibrated to increase the difference in inorganic condensation between exposed and un-exposed areas (SI in Grencia et al. 14 ) . It should be noted that the post-baking temperature optimization in 14 was made on UVexposed resist while the optimized post-baking temperature for electron/ion-beam exposed resist may be different. The samples were developed in a HCl:IPA solution (1÷2:100) for a few minutes (2÷5 min) at room temperature (21 °C), rinsed in IPA for 1 min and dried under a nitrogen stream. Pattern transfer in silicon was carried out using a highly anisotropic reactive ion etching process based on SF 6 /CHF 3 (1:2) gasses and low bias (80V) obtained operating the RIE at a pressure of 15 mTorr and a relatively low power (8 W).
Results & Discussion
Grencia et al. 14 found that films spin-coated from the diluted solution were spoiled by the presence of pits when deposited in a clean room environment at relative humidity (RH) of 50-60 %, while much smoother films were obtained performing the spin-coating in a glove box at ~100 ppm relative humidity (RH). We never observed such a problem, obtaining perfectly flat and defect-free spin-coated resist layers. The reason may be twofold: i) a lower relative humidity of our clean room (RH 40 %, 21 °C) ii) a beneficial effect on spin-coating deposition of the resist synthesized with triethoxyphenylsilane, which has a different volatility compared to the trimethoxyphenylsilane used by the authors of the original study. Figure 1 shows a series of contrast curves measured in order to verify a certain number of post-baking and development combinations as well as to test the effect of aging the resist solution. First, we wanted to verify the influence of temperature development, notably at the developer temperature suggested by Grencia et al.
Contrast curves
14 (4 °C) and at room temperature (21 °C). Figure 1a) shows two contrast curves of a 35 nm thick resist exposed by EBL and developed in HCl:IPA (1:100) for 5 min at 4°C and 21°C. Low temperature development seems to increase the sensitivity of the resist while the contrast curve presents a double slope between 0-60% and between 60-100%. The origin of this double slope in the contrast curve does not necessary originate from the low temperature development but may be related to surface modification of the resist when exposed to air for a certain amount of time before the development. In fact, the sample developed at 21°C was processed immediately after exposure while the sample developed at 4°C was processed about 4 hours after exposure. In order to validate this hypothesis, we traced the EBL contrast curves for three different samples exposed at the same time but with different timing between exposure, post-baking and development. Reference Sample 1 (same curve of Figure 1a , 21°C) was exposed and immediately post-baked (2 min at 120 °C) and developed (5 min in HCl:IPA, 1:100 at 21 °C). Sample 2, was post-baked immediately after the exposure but developed after 24 h. Sample 3 was postbaked and developed 24 h after exposure. During the 24 h, Samples 2 and 3 were exposed to the clean room atmosphere (RH 40 %, 21 °C). A delay in post-baking and development (Sample 3) results in higher resist sensitivity and the appearance of a double slope in the contrast curve (0-60% and 60-100%). A possible explanation may come from a modification of the resist from the surface (diffusion) when exposed to air. Note that the sol-gel precursor (aluminumtri-sec-butoxide) is extremely reactive in air, so the stability of the resist may not be assured even if all the solvents are evacuated through the pre-baking. A post-baking treatment performed after exposure (Sample 2) seems to partially stabilize the resist or at least limit surface modification (double slope between 0-70% and 70-100%). Even though a post-baking treatment is performed immediately after the exposure, a 24 h delay in development results in increased resist sensitivity. For this reason, the change in resist sensitivity observed in Figure 1a should be partially ascribed to the delayed development experienced by the sample developed at 4°C and further experiments should be carried out to separate the two contributions. Note that in all the cases of Figure 1a -b, the first contrast curve between 0-60÷70% -corresponding to a resist closer to the substrate and a priori not exposed to air -does not change significantly for the different process conditions. Finally, we investigate the effect of solution aging on the contrast curve. Figure 1c shows three contrast curves using the same resist solution stored at room temperature for 7, 32, and 47 days from the preparation. The resist thickness was 35 nm and was exposed by FHIB and developed in HCl:IPA (1:100) for 5 min at 21°C. Exposure with helium ions is more effective than electrons and results in higher sensitivity up to two orders of magnitude (resist used for contrast curves Figure 1a-b was aged 3-4 weeks) . Interestingly, older solutions have a reduced sensitivity but feature an improved contrast. We attribute the staircase contrast curve for 47 days to a problem with the pattern generator of the FHIBL system. Figure 2 shows a series of SEM images of alumina resist lines at different pitches (p=100, 60, 50 and 40 nm) exposed by EBL at 100 keV. Doses range from 35 to 80 mC/cm 2 and beam step size (BSS) were adjusted in order to obtain the same line-width for the isolated line and the lines in the array. Lines with pitches p=100, 60 and 50 nm were exposed in a 35 nm thick resist and developed for 5 min at 21°C in HCl:IPA (1:100). Lines with pitch p=40 nm were exposed in a 20 nm thick resist and developed with the same solution and reduced time (2 min). For isolated (p=100 nm) lines, proximity effects at 100 keV are relatively small and sub-10 nm lines can be obtained (about 6,5 nm, Figure 2a (Figure 2 g-f) , we reduced the resist thickness down to 20 nm. At this density, proximity effects start to be significant, giving a slightly thicker line-width for lines in the array (15 nm) compared to the isolated line (12 nm). With these process conditions, denser lines are not perfectly developed due to proximity effects. 2 and BSS were adjusted to obtain the same linewidth for the isolated line and the lines in the array. In this case, resist thickness was 20 nm thick for all the pitches and was developed for 2 min 30 sec at 21°C in HCl:IPA (2:100). As for EBL, isolated lines can be patterned at the sub-10 nm sale (5 nm). Remarkably, FHIB exposed lines seem to have reduced line edge roughness as compared to EBL exposed lines. FHIB exposure clearly shows lower proximity effects, and lines with a pitch down to 20 nm were perfectly developed. Also, line-width is constant for the isolated line and for the lines in the array. 
Electron and helium ion beam lithography

Pattern transfer
Grencia et al 14 demonstrated exceptional selectivity (100:1) of the alumina resist when used as a mask for ICP etching of silicon in fluorinated plasmas. In this work, we opted for an RIE process to transfer the pattern in the silicon substrate. Silicon etching rates of conventional RIE processes are typically lower as compared to ICP processes so that, with RIE, the etched depth can be more precisely controlled. On the other hand, an RIE process is less versatile since the bias is imposed by the pressure/power/gas combination. Preliminary tests were carried out using a standard silicon etching process based on SF 6 /CHF 3 normally used in combination with a Poly(methyl methacrylate) (PMMA) resist mask. Using this process, we obtained high line edge roughness and poor selectivity (not shown), likely due to the relatively high bias of the process (200V). In this regard, it should be noted that the resist's strong selectivity stems from the fact that alumina in fluorine-containing plasmas leads to the formation of non-volatile compounds (AlF 3 , for instance, sublimates at ca. 1250 °C) and therefore etches extremely slowly. 13 High biases result in strong mechanical ion bombardment of the resist thus losing its chemical selectivity. We obtained reduced bias of 80V by lowering the power (to 8W), increasing the working pressure (to 15 mTorr), and reducing the SF 6 /CHF 3 ratio (to 1:2). Figure 4 shows SEM images of two examples of pattern transfer using the optimized RIE process at 80V bias. The reduced bias improves selectivity and results in smooth surfaces. We obtained lines of 10 (20) nm width and 60 (50) nm pitch etched to a depth of 103 (64) nm, corresponding to an aspect ratio of 10 (3). Further optimization of the RIE process is required to improve the pattern transfer in denser lines (not shown), in particular the selectivity and the SF 6 /CHF 3 ratio to further improve the verticality of the side-walls.
